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Steels unable to perform at higher 
temperatures which limits efficiency growth

Background & Goals - 3Augusto Di Gianfrancesco- Materials for Ultra-Supercritical and Advanced Ultra-Supercritical Power Plants
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Cost and volatility concerns with common 
superalloy elements
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https://www.usgs.gov/centers/nmic/commodity-statistics-and-information Background & Goals - 4

https://www.usgs.gov/centers/nmic/commodity-statistics-and-information


Weldability concerns in complex structures 
needed in power plants
- Various types of weld cracking

- Solidification cracking

- Centerline boundary

- Liquation cracking

- Heat affected zone cracking

- Strain age cracking (SAC)

Dye, Hunziker, Reed ςNumerical analysis of the weldability of superalloys Background & Goals - 5



Potential improvement to weldability & other 
material properties with inclusion of ́precipitates

Background & Goals - 6

Ωɹ tƘŀǎŜ bƛ3(Al, Ti)
- Desired precipitate
- Strengthening phase
- Rigid
- Fast to form

Ṕhase Ni3Ti
- Traditionally undesired
- Weaker precipitate
- Ductile
- Slow to form

άDŀƳƳŀ ǇǊƛƳŜΣέ Gamma Prime - an overview | ScienceDirect Topics.
Wong, Sanders, Shingledecker, White ςDesign of an ETA-phase-precipitation-hardenablenickel-ōŀǎŜŘ ŀƭƭƻȅ Χ

5 m˃ 30 ˃ m



Threefold Project Goals:

Create a nickel-base superalloy with the following considerations:

1. Reduce cobalt content to less than 5wt% and minimize overall cost

2. Meet weldability indices as measured by solidification and strain-
age cracking resistance

3. Maintain material properties within 10% nano-indentation and hot-
hardness values of a comparable superalloy (Nimonic263)

Background & Goals - 7



Define objectives & 
design space

CALPHAD to simulate 
alloy properties 

Optimize objectives 
via Bayesian 
Optimization

Cast & characterize 
small-scale alloys

Upscale alloys 
for further 

characterization

New 
superalloy 
insights

Fail & 
Refine

Success

Background & Goals - 8

Project
Flowchart



Design space limited by Thermo-Calc TCNI12 
database

ThermoCalc TCNI12 databases, accessed via website Design Space - 9



Elements more expensive than cobalt 
removed from consideration

- Pd - $66,000/kg

- Ru - $37,500/kg

- Pt - $27,000/kg

- Hf - $1,800/kg

- Re - $1,600/kg

- Ta - $325/kg

- Co - $54/kg

Approximate prices found via 2021 commodity prices throughout the total year (various sources) Design Space - 10



Most nonmetals are not optimized, carbon 
cannot be ignored

- Carbides aid in creep 
resistance & high 
temperature strength

- C kept @ 0.06 wt%

Sims, Stoloff, Hagel ςSuperalloys & Superalloys ll Design Space - 11



Elements selected for experimentation

- Chromium
- Matrix strength

- Oxidation resistance

- Cobalt
- High temperature 

performance

- Creep resistance

- Molybdenum
- Matrix strength

- Aluminum, titanium
- Precipitates (ɹΩ Ҍ )́

Akca, GurselςA Review on Superalloys and IN718 Ni-Based INCONEL Superalloy
BelanςGCP and TCP phases presented in Ni-base superalloys Sims, Stoloff, Hagel ςSuperalloys & Superalloys ll Design Space - 12



Objectives from project goals:

- Reduce cobalt content to less than 5wt% and minimize overall cost
1. Alloy cost

- Meet weldability indices as measured by solidification and strain-age 
cracking resistance

2. Solidification cracking resistance

3. Strain age cracking resistance

- Maintain nano-indentation & hot-hardness values within 10% of a 
comparable superalloy (Nimonic263)

4. Material strength

5. Creep resistance

Parameter Modeling - 13



Solidification cracking resistance assessed 
with Scheilcalculation
- bǳƳŜǊƛŎŀƭ ŀǎǎŜǎǎƳŜƴǘ ƻŦ άƳǳǎƘȅ 
ȊƻƴŜέ ŘǳǊƛƴƎ ǎƻƭƛŘƛŦƛŎŀǘƛƻƴ

- Assess hot tearing conditions
- Tco = coalescence @ fs,o= 0.7 

- To = coherency @ fs,co= 0.98 

- fs(T) = fraction of solid

Benoit, Zhu, Abbott, Easton ς9Ǿŀƭǳŀǘƛƻƴ ƻŦ ǘƘŜ ŜŦŦŜŎǘ ƻŦ w9 ŀŘŘƛǘƛƻƴǎ ƻƴ ǘƘŜ Ƙƻǘ ǘŜŀǊƛƴƎ ǎǳǎŎŜǇǘƛōƛƭƛǘȅ ƻŦ !ƭтмрл Χ
Easton, Gibson, Zhu, Abbott ςAn a priori hot-tearing indicator applied to die-cast magnesium-rare earth alloys
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Better performance as compared to Kou 
solidification model
- Consistent extreme outliers from 

Kou calculations

- Easton scores more reliable

Parameter Modeling - 15Liu, KouςSusceptibility of ternary aluminum alloys to cracking during solidification
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- Alloys with higher Al and Ti more 
susceptible to SAC (gray)

- wŜŘǳŎŜ ʴΩ ǾƻƭǳƳŜ ŦǊŀŎǘƛƻƴ Ґ ƭŜǎǎ 
strength & more cracking 
resistance

Compositions in at%

Hardy, Detrois, et al ςSolving Recent Challenges fro Wrought Ni-Base Superalloys Sims, Hagel ςThe Superalloys
Tang, Reed, et al ςAlloys-By-Design: Application to new superalloys for additive manufacturing

Strain-age cracking (SAC) traditionally 
measured as function of ɹΩ ŦƻǊƳŜǊǎ

ὓὩὶὭὸ ὃὰ ὝὭ ὔὦ Ὕὥ

Parameter Modeling - 16



Strain-age cracking resistance correlates with 
ǎƭƻǿŜǊ ʴΩ ƪƛƴŜǘƛŎǎ
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Utilize Bayesian Optimization to efficiently 
optimize utility functions

Images taken from gif at: https://en.wikipedia.org/wiki/Bayesian_optimization

Initial BO does not find maxima More calculations (dots) reduce 
uncertainty

Efficiently locate maxima

Explore high variance regions
Exploit high reward regions

Optimization - 18



Bayesian Optimization can only be used for 
single target optimization

Optimization - 19

Multi-Objective Score

Yield Strength

Solidification Cracking

Strain-Age Cracking

Cost

Creep



HanaokaςBayesian optimization for goal-oriented multi-objective inverse material design
HakanenςOn Using Decision Maker Preferences with ParEGO

ὛὧέὶὩώ ώύ πȢπυ ÍὭὲ
ȣ
ώ Ὣ ύ

Objectives Parameter Goal

Normalization Term

wm: scaling/normalization term calculated from the inverse of the parameter range

Modified achievement function enables Multi-
Objective Bayesian Optimization (MOBO)

Can calculate the normalized difference between parameters and pre-
determined goal values and use these differences to optimize each parameter

Optimization - 20



{ŎǊƛǇǘ Ŏŀƴ ǊŀǇƛŘƭȅ ŀǎǎŜǎǎ ŎƻƳǇƻǎƛǘƛƻƴǎΩ 
material properties
- Experiment has assessed 4000+ 

unique compositions
- Approximately 1 month of 

computational time

- Current script can run a 
composition every 5 minutes

- Timing limited by Python + 
CALPHAD
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Best compositions from optimizations

Compositions shown generated with Superalloy MOBO script version 6 (Sv6)

Top ranking alloys from 5wt% Co trials 

Results - 22

Rank Co Cr Mo Al Ti C Ni

1 5.0 21.9 8.4 0.53 2.08 0.06 62.0

2 5.0 18.6 9.9 0.53 2.38 0.06 63.5

3 5.0 19.6 7.0 0.54 2.38 0.06 65.4

4 5.0 18.1 9.5 0.54 2.20 0.06 64.6

Nimonic
263

20.5 19.9 5.7 0.27 2.1 0.07 Bal.



Optimized composition most alike Nimonic
263 with much lower Co content

Results - 23
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Optimized alloy predicted slower 
precipitation kinetics other alloys
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Processing outline

Casting & Processing - 25

Composition via MOBO
Casting Homogenization Forging

Hot Rolling Heat Treatment Characterization


